Abstract Inefficient and inaccurate repair of DNA damage is the principal cause of DNA mutations, chromosomal aberrations, and carcinogenesis. Numerous multiple-step DNA repair pathways exist whose deployment depends on the nature of the DNA lesion. Common to all eukaryotic DNA repair pathways is the need to unravel the compacted chromatin structure to facilitate access of the repair machinery to the DNA and restoration of the original chromatin state afterward. Accordingly, our cells utilize a plethora of coordinated mechanisms to locally open up the chromatin structure to reveal the underlying DNA sequence and to orchestrate the efficient and accurate repair of DNA lesions. Here we review changes to the chromatin structure that are intrinsic to the DNA damage response and the available mechanistic insight into how these chromatin changes facilitate distinct stages of the DNA damage repair pathways to maintain genomic stability.
Introduction
Over the last 20 years, a clear picture has emerged of how the cell repairs lesions on naked DNA (Friedberg et al. 2006) . The current challenge is to understand how DNA repair occurs in its physiological context within the tightly packaged nucleoprotein structure known as chromatin.
Within the confines of chromatin, our DNA is rendered highly inaccessible to the central machineries that mediate genomic processes, implying that there are additional layers of complexity for the repair of DNA damage within our cells.
The basic repeating unit of chromatin, the nucleosome, consists of approximately 146 bp of DNA wound around an octamer of histone proteins, comprised of two molecules each of histones H3, H4, H2A, and H2B (Luger et al. 1997) . Nucleosomes coat our entire genome, separated only by short internucleosomal linker DNA regions to form arrays of nucleosomes, referred to as the 10-nm fiber or beads on a string form of chromatin. The binding of linker histones and additional non-histone chromatin proteins promotes the compaction of the chromatin into the 30-nm fiber and higher-order chromatin forms in which the DNA is deeply buried. Accordingly, our cells have developed specialized mechanisms to alter the chromatin structure to facilitate and regulate genomic processes.
Physiological chromatin alterations can be divided into five main classes: (1) Enzymes can add and remove posttranslational modifications (PTMs) of the histone proteins, including acetylation, methylation, and phosphorylation on specific lysines. Histone PTMs usually function to recruit specific proteins to the chromatin, the identity of which is determined by the type of PTM and the specific histone residue that is modified (Suganuma and Workman 2011) .
(2) Histone-DNA interactions within the nucleosomes can be transiently broken by ATP-dependent nucleosome remodelers (Hargreaves and Crabtree 2011) . (3) The canonical histones can be exchanged for histone variants that have altered properties (Yuan and Zhu 2011) . (4) The DNA can be fully exposed by total removal of histones from the DNA, and this is mediated by histone chaperones (Elsässer and D'Arcy 2012) . (5) Additional non-histone architectural proteins, such as linker histones, HMG proteins, or heterochromatin protein 1 (HP1) can be added to the chromatin to achieve higher levels of compaction (Li and Reinberg 2011) , or they can be removed to promote lower-order forms of chromatin such as the 10-nm fiber. These five general mechanisms are often used in a coordinated fashion by the cell to alter the chromatin structure and collectively impart regulation and accuracy on genomic processes.
Although there are many types of DNA lesions and numerous repair mechanisms for them, the role of chromatin structure during DNA repair has been most highly studied in response to UV irradiation, ionizing radiation (IR), or endonuclease-induced double-strand breaks. UV irradiation occurs naturally in response to sunlight exposure, and the resulting DNA intrastrand crosslinks must be rapidly removed by the process of nucleotide excision repair (NER) to prevent inaccurate DNA replication. DNA double-strand breaks (DSBs) arise naturally as a result of genotoxic stress or replication failure, during programmed events such as meiosis and V(D)J recombination, as well as in response to IR and ectopically introduced endonucleases (Hiom 2010) . DSBs are repaired by non-homologous end joining (NHEJ) or by homologous recombination (HR).
The physical repair of the DNA lesion per se in the cell is intertwined with a complex network of signal transduction pathways known as the DNA damage response (DDR). The DDR is mainly mediated by the phosphatidylinositol 3-kinase-like protein kinase family members ataxia telangiectasia mutated (ATM), ataxia telangiectasia and Rad3-related (ATR), and the DNAdependent protein kinase (DNA-PK) (Smith et al. 2010) . After recognition of the DNA breaks by damage sensors, ATM and ATR phosphorylate mediator proteins, which act to recruit additional ATM/ATR substrates to sites of DNA damage within discrete nuclear foci, in turn amplifying the DDR. The exact order and timing of DDR factor recruitment to the repair foci is highly dynamic and tightly controlled, and this provides the cell with opportunities to choose between various repair pathways . Dynamic chromatin modifications such as histone acetylation, phosphorylation, ADP-ribosylation, methylation, and ubiquitylation all play a critical role in DDR factor recruitment, as discussed below in detail. In addition to repair of the DNA lesion itself, the sensor kinases also phosphorylate many effector proteins, either directly or indirectly, via phosphorylating checkpoint 1 (CHK1) and checkpoint 2 (CHK2) kinases to mobilize the effector proteins and bring about the cellular responses to DNA damage including transcriptional upregulation, cell-cycle arrest, senescence, or apoptosis (Lazzaro et al. 2009 ).
Here, we will review the highly orchestrated array of chromatin changes that are fundamental to DNA repair and the DDR. Distinct chromatin changes occur directly at the site of the DNA lesion, in chromatin domains adjacent to the DNA lesion, as well as global changes that propagate across the entire genome. Our purpose is not to exhaustively cover the details of all DNA repair pathways and the DNA damage response, as this has been done recently elsewhere (Ciccia and Elledge 2010; Polo and Jackson 2011) . Instead, we will give only enough information on the DDR and DNA repair to put the chromatin changes in context. Specifically, we will review the current knowledge of the chromatin changes that occur during the processes of NER and DSB repair. The chromatin changes will be described in the temporal order in which they occur in the DNA repair pathway rather than on a modification-by-modification basis (which has been done elsewhere recently in an excellent review (Luijsterburg and van Attikum 2011) ). Emphasis will be placed here on relating each specific chromatin change to its apparent or predicted molecular function in the DDR or repair pathway. Other histone PTMs that occur during DNA repair and/or are important for DNA repair but have no currently known molecular function are listed in Table 1 and will not be further discussed. An emerging theme from recent studies is that specific histone modifications occur in a tightly controlled temporal manner to coordinate and amplify the DNA damage response.
Chromatin changes that promote DSB repair

Brief overview of DSB repair
The severe dangers posed to a cell harboring a DSB has resulted in highly effective and conserved repair mechanisms that are broadly separated into two categories: (1) HR that employs the undamaged sister chromatid to accurately restore the missing genetic information and (2) NHEJ, which re-ligates the broken ends of the chromosome. Accordingly, mammalian cells have evolved mechanisms to channel the repair of DSBs into the NHEJ pathway in G1 phase before the sister chromatid has been generated. Meanwhile, the cell channels the repair of DSBs into the HR pathway during S and G2 phase (Warmerdam and Kanaar 2010) . Briefly, during NHEJ in mammals, the broken DNA ends are bound by the KU70/80 heterodimer, which recruits DNA-PK and keeps the ends in close proximity to each other. If necessary, DNA ends are processed to identify regions of microhomology, which are then ligated together by the XRCC4-DNA Ligase IV (Lieber et al. 2010) . During HR in mammals, the Mre11-Rad50-Nbs1 (MRN) complex binds to DNA ends and, CtIP initiates the process of DNA resection to form single-strand overhangs (You and Bailis 2010) . Next, the ssDNA is coated with RPA, and RAD51 replaces RPA to form nucleoprotein filaments for strand invasion into an undamaged homologous DNA region, creating a Holliday junction. DNA is resynthesized by polymerases to fill the gaps and the Holliday junction is resolved (Holthausen et al. 2010 ).
Regardless of the DSB repair pathway employed, all DNA repair necessitates rapid recognition of the lesion and coordinated mechanisms for recruitment of the repair machinery in the context of the chromatin template. Overview of chromatin's role in DSB repair It has been known for over 20 years that DNA damage induces chromatin structure alteration. For example, damaged DNA renders chromatin more sensitive to digestion by micrococcal nuclease (Telford and Stewart 1989) . We now know that DSB generation causes global and local decondensation of the chromatin (Dellaire et al. 2009; Kruhlak et al. 2006) , which is essential for efficient DNA repair and activation of the DDR. The growing body of data indicates that DSBs induce myriad changes in the chromatin structure. Nucleosomes around the damage sites are modified by ATP-dependent chromatin remodeling. Meanwhile, histone PTMs are dynamically generated and removed to transiently mark DSBs for recruitment of DDR and repair proteins. Histones are removed from the DNA concomitant with DNA processing, while other histone PTMs serve to trigger the subsequent displacement of repair proteins from the vicinity of the DSB. Furthermore, restoration of the chromatin structure after repair facilitates inactivation of the DNA damage checkpoint and cell cycle re-entry. Strikingly, histone modifications also help determine the location of DSBs made during programmed events such as V(D)J recombination and meiosis. Below we discuss each specific chromatin change in the context of the stage of DSB repair that is most directly promoted by the chromatin change. Needless to say, all upstream chromatin alterations indirectly promote all subsequent events in the DNA repair process.
Chromatin modifications that stimulate DSB formation
The genomic location of DSBs generated during developmentally programmed events is directly stimulated by histone PTMs. The clearest example of this is the formation of DSBs by the RAG1-RAG2 endonucleases during V(D)J recombination in lymphocytes. RAG1-RAG2 are targeted to the V(D)J segments via a direct interaction between the PhD finger of RAG2 and trimethylated histone H3 on lysine 4 (H3 K4me3) (Matthews et al. 2007) . Furthermore, the enzymatic activity of the RAG complex itself is stimulated by binding to H3 K4me3 (Grundy et al. 2010; Shimazaki et al. 2009 ). The physiological relevance of H3 K4me3 in V (D)J recombination is underscored by defective V(D)J recombination that results from reduced H3 K4me3 levels (Matthews et al. 2007) .
Meiotic crossover formation occurs in response to programmed DSBs generated at meiotic hotspots by a meiosis-specific endonuclease. Recent studies investigating the rationale for the selection of sites of meiotic DSBs have uncovered a unique role for chromatin in this process. Specifically, H3 K4me3 marks the majority of the meiotic hotspots in yeast and mice (Borde et al. 2009; Buard et al. 2009 ). In worms, acetylated H2A K5 (H2A K5Ac) modulates the sites of meiotic crossovers (Wagner et al. 2010) . Exactly how histone PTMs dictate sites of meiotic crossover is currently unknown, but further studies will undoubtedly reveal the basis for their fundamental role in driving genetic diversity.
The damage sensor PARP1 promotes chromatin alteration during alternative NHEJ and SSBR Poly(ADP-ribose) polymerase (PARP) family proteins PARP1 and PARP2 have the ability to detect single-and double-strand DNA breaks (Schreiber et al. 2006) . In mammalian cells, PARP1 and PARP2 appear to function at a very early stage of single-strand break repair and an alternative NHEJ pathway (Huber et al. 2004) . This is because PARP1 and PARP2 are catalytically activated by the DNA breaks, resulting in the local addition of poly(ADP-ribose) chains onto various proteins, including itself, at the site of the DNA break. These poly(ADP-ribosylated) proteins recruit other proteins including the ATP-dependent chromatin remodeling complex known as amplified in liver cancer 1 and CHD1L, which presumably stimulates nucleosome sliding at the site of DNA damage (Ahel et al. 2009 ). Among PARP1's many substrates are the histone tails (Messner et al. 2010 ), but whether this plays a role in the DDR is unknown. Poly(ADP ribose) is also responsible for recruiting repressive polycomb group proteins and the ATPdependent nucleosome remodeler NuRD (which contains CHD4) to sites of DNA damage (Chou et al. 2010) . In this study, they also found that PARP contributes to the removal of nascent RNA and elongating RNA polymerase II from the sites of DNA damage, suggesting that PARP may promote a transcriptionally repressive local environment to facilitate DNA repair (Chou et al. 2010) . Clearly, much more research on the role of PARP1/2 and poly(ADP ribose) in the DDR is warranted, especially in light of the fact that PARP1 inhibitors are promising treatments for cancer patients with defective HR pathways, for example, due to BRCA1 or BRCA2 mutations (Sandhu et al. 2011) .
Chromatin changes that facilitate the initial activation of the DDR kinase ATM Activated ATM kinase is one of the first proteins to be recruited to a DSB (Fig. 1) , where activation of ATM is a consequence of ATM-mediated autophosphorylation (Bakkenist and Kastan 2003) . Once recruited to the DNA break, ATM phosphorylates many proteins including a histone H2A variant called H2AX on serine 139 (S139) to form γH2AX. As such, appearance of γH2AX is one of the very early post-DSB events in the mammalian cell, appearing within 1 min of DSB induction (Bewersdorf et al. 2006; Celeste et al. 2002; Rogakou et al. 1998 Rogakou et al. , 1999 . Phosphorylation of H2AX is mediated not only by activated ATM kinase but also by the related kinases ATR (which is recruited to single-strand DNA after DNA processing) and DNA-PK (which functions downstream of ATM only in NHEJ) (Pinto and Flaus 2010) . Proteins involved in DNA repair and the DDR localize together with DSBs into repair foci that are apparent by immunoflourescence analysis. As such, the appearance of γH2AX foci is a widely used and convenient marker of both ATM activation and DSB breaks.
Mutations or drugs that alter the global chromatin state in the cell have been shown to facilitate or block activation of ATM, depending on whether they open up or condense the chromatin structure, respectively. H2AX is phosphorylated along megabase-long tracts of chromatin surrounding the DSB following the pattern of ATM spreading in humans (Rogakou et al. 1999) . It has also been reported that λH2AX forms preferentially in euchromatin (open chromatin) (Cowell et al. 2007; Kim et al. 2007b) , suggesting that a closed chromatin structure hinders ATM activation. Furthermore, the absence of the histone acetyl transferase (HAT) hMOF-1 delays formation of γH2AX foci (Sharma et al. 2010) . hMOF-1 mediates acetylation of histone H4 lysine 16 (H4 K16Ac), which is a unique histone modification in that it abrogates the formation of the compact 30-nm fibers of chromatin (Shogren-Knaak et al. 2006 ). As such, cells lacking hMOF-1 have globally a more compact chromatin structure that hinders ATM activation. Conversely, global activation of ATM occurs in the absence of DNA Fig. 1 Role of chromatin in amplification of the DDR at a DSB site. As discussed in the text, in response to a DSB, the chromatin structure locally relaxes, facilitating the activation and recruitment of the ATM kinase. Phosphorylation of H2AX by ATM enables recruitment of many proteins including MDC1. ATM-mediated phosphorylation of MDC1 enables further amplification of the DNA damage response. DNA is shown in blue and histones are beige, and the wiggly DNA in nucleosomes around the DSB depict those that have been acted upon by ATP-dependent nucleosome remodelers, to facilitate access to the DNA damage following treatment with class I and class II histone deacetylase (HDAC) inhibitors, which opens up the chromatin structure by increasing histone acetylation (Bakkenist and Kastan 2003) . HMGN1 is a structural component of chromatin that directly or indirectly stimulates H3 K14Ac but is not itself recruited to sites of DNA damage, yet cells lacking HMGN1 show defective ATM induction (Kim et al. 2009 ). Meanwhile, ATM activation is restored in cells lacking HMGN1 upon chromatin relaxation using histone deacetylase inhibitors. Tellingly, these studies indicate that the preexisting chromatin state in the cell influences, directly or indirectly, activation of ATM and presumably all subsequent events in the repair pathway and DDR.
Although the studies discussed above used experimental manipulations to open up the global chromatin structure to facilitate ATM activation, it appears that our cells naturally open up the chromatin structure locally to bring about the initial round of ATM activation in response to a DSB. Specifically, electron microscopy has revealed rapid local chromatin decondensation around the DSB prior to ATM activation (Kruhlak et al. 2006) . This is supportive of the idea that ATM is activated in response to architectural changes in the chromatin structure itself at the DSB site. Such an architectural change could be the DNA break induced relaxation of the torsional stress that is held within a chromatin domain (Fig. 1) . Consistent with this idea, the length of the stretch of λH2AX induced in response to a single DSB corresponds to the length of a topologically constrained chromatin loop domain (Rogakou et al. 1999 ).
Chromatin modifications that amplify the DDR and facilitate formation of DNA repair foci γH2AX facilitates recruitment and retention of DDR proteins to repair foci and in so doing amplifies the DDR (Yuan et al. 2010) (Fig. 1) . One protein that is directly recruited by γH2AX to repair foci is mediator of DNA damage checkpoint protein 1 (MDC1). MDC1 binds to γH2AX via its BRCT domain and accumulation of MDC1 on the chromatin is essential for formation of ionizing radiation-induced foci (IRIF) (Jungmichel and Stucki 2010; Stucki et al. 2005) (Fig. 1) . Formation of γH2AX foci is a self-perpetuating and dynamic process. γH2AX-recruited MDC1 recruits more activated ATM, thus establishing the positive feedback loop of γH2AX expansion along the DNA (Lou et al. 2006; Stucki et al. 2005 ). MDC1 in turn is phosphorylated by both ATM and casein kinase 2, the latter of which phosphorylates a series of repeated motifs required for the Mdc1/ Nbs1 interaction that retains MRN in IRIFs along the chromatin (Chapman and Jackson 2008; Melander et al. 2008; Spycher et al. 2008; Wu et al. 2008) . MRN and end processing of the DNA then recruits more ATM (Lee and Paull 2007) . As such, there are multiple positive feedback loops mediated by histone PTMs and nucleosome remodeling that promote amplification of the DDR and further activation of ATM (Fig. 1) .
The binding of MDC1 to γH2AX is modulated by other histone modifications, in addition to its direct interaction with phosphorylated H2AX. MDC1 recruitment to γH2AX additionally requires, directly or indirectly, MOF1-dependent H4 K16 acetylation ). MDC1 recruitment is also regulated by phosphorylation of Y142 within the same C-terminal tail of H2AX. MDC1 only binds to unphosphorylated γH2AX Y142, whose dephosphorylation is mediated by EYA1/3 (Cook et al. 2009; Xiao et al. 2009 ). Interestingly, the phosphorylation status of Y142 of γH2AX appears to determine the choice between activation of the DDR or cell death because apoptotic factors bind to phosphorylated Y142 within γH2AX (Cook et al. 2009 ).
In addition to recruiting MDC1, γH2AX triggers dynamic acetylation and chromatin remodeling at the site of the DSBs. DNA damage is known to induce H3 acetylation on the same nucleosomes that contain γH2AX flanking the DSB. This is presumably a consequence of the HAT GCN5 binding to γH2AX nucleosomes (Botuyan et al. 2006) , leading to its nearby H3 acetylation. The acetylated H3 is bound directly by the bromodomain of the BRG1 subunit of the SWI/SNF ATP-dependent nucleosome remodeler specifically in nucleosomes containing γH2AX (Lee et al. 2010a ) and presumably functions to increase the accessibility of the DNA. The recruitment of SWI/SNF in turn stimulates further ATM-mediated H2AX phosphorylation (Botuyan et al. 2006; Park et al. 2006) (Fig. 1) .
Independent of H2AX phosphorylation (H2A S129p in yeast), the yeast ATP-dependent nucleosome remodeler RSC is recruited to sites of DSB as a very early event. This is required for subsequent activation of the yeast counterparts of ATM and ATR, which are Tel1 and Mec1, respectively (Chai et al. 2005; Liang et al. 2007; Shim et al. 2005) . In mammalian cells, additional ATP-dependent remodelers, SNF2L, SNF2H (Erdel et al. 2010) , and ACF1, are recruited to sites of DSBs as very early events (Lan et al. 2010) . The recruitment of SNF2H to sites of DNA damage appears to depend on ACF1. Knockdown of components of these complexes leads to defects in both HR and NHEJ as a consequence of defective recruitment of RPA, BRCA1, RAD51, and KU (Lan et al. 2010; Nakamura et al. 2011 ). More recently, it has been shown that cells lacking ACF1 have a clear reduction in the amount of γH2AX signal at early times following IR exposure (Sánchez-Molina et al. 2011 ). However, whether ACF1's recruitment and role at a DSB is dependent on ATM/ATR has not yet been tested, so it is not yet known if ACF1 is required for amplification of the DDR signal or for initial activation of the DDR.
Akin to the situation with GCN5, the H3 and H4 HATs p300 and CBP are also recruited to sites of DSBs. Once recruited, p300/CBP-mediated acetylation works in parallel with the BRM and BRG1 subunits of the SWI/SNF ATPdependent nucleosome remodeler to promote KU recruitment and NHEJ (Ogiwara et al. 2011) . In addition to the interaction between the BRM and BRG1 subunits of the SWI/SNF ATP-dependent nucleosome remodeler with acetylated histones, another ATP-dependent nucleosome remodeler BRIT1 also helps with the accumulation of SWI/SNF at IRIF (Peng and Lin 2009; Rai et al. 2006) . The interaction between BRIT1 and SWI/SNF is stimulated by ATMdependent phosphorylation of the SWI/SNF subunit BAF170 (Peng and Lin 2009) . BRIT1 (also known as microcephalin 1) is recruited to IRIF through interactions between its C-terminal BRCT domains and γH2AX (Wood et al. 2007) , where it plays a critical role in the DDR. Specifically, BRIT1 depletion impairs accumulation of many downstream DDR proteins including MDC1, KU70, RPA, RAD51, NBS1, and BRCA1 (Lin et al. 2005; Peng and Lin 2009; Rai et al. 2006) , suggesting that it might be functioning at quite an early step in the DDR.
Yet another function of γH2AX is to facilitate histone acetylation of H4 and H2B by binding to the Arp4 subunit of the NuA4 HAT complex in yeast (Bird et al. 2002; Downs et al. 2004 ). Its counterpart is TIP60 in mammals, which also mediates H4 acetylation in response to DSBs that can extend several kilobases on each side of a DSB (Murr et al. 2006) . TIP60 recruitment to DSBs promotes the efficient subsequent recruitment of DDR proteins including MDC1, 53BP1, BRCA1, and RAD51 and promotes efficient HR (Murr et al. 2006) . The contribution of TIP60 to HR can be partially overcome by chemical relaxation of the chromatin, suggesting that the function of TIP60-mediated histone acetylation is to promote access of DDR proteins to the site of the DSB (Murr et al. 2006) . Similarly, elimination of NuA4 HAT activity results in a DSB repair defect, but this defect is abrogated in cells in which chromatin was relaxed chemically (Murr et al. 2006) . These results may be related to the fact that relaxation of chromatin by the NuA4/TIP60 complex is required to allow histone ubiquitination that is in turn necessary for recruitment of BRCA1 and 53BP1 (Murr et al. 2006; Xu et al. 2010) . In summary, γH2AX plays a critical role in recruiting not only MDC1 to the DSB but also in recruiting multiple different HATs and ATPdependent nucleosome remodelers to the site of the DSB, which aid in amplification of the DDR (Fig. 1) .
The role of histone modifications in recruitment of DNA damage response mediator 53BP1
After histone acetylation in the vicinity of the DSB (Fig. 1) , histone ubiquitylation occurs (Fig. 2) . The ubiquitin ligase ring finger 8 (RNF8) is recruited to the site of the lesion by its direct interaction with ATM-phosphorylated MDC1 (Huen et al. 2007; Kolas et al. 2007; Mailand et al. 2007 ). RNF8 adds K63-linked ubiquitin to H2A and H2AX, which creates a docking site for a second E3 ligase RNF168 which makes a polyubiquitin chain on H2A (Doil et al. 2009; Stewart et al. 2009; Zhao et al. 2007 ). Another ubiquitin ligase, RNF2, also contributes to DNA damage inducible γH2AX ubiquitylation (Chou et al. 2010; Ginjala et al. 2011; Ismail et al. 2010) . RNF2 is a component of the polycomb repressive complex 1 (PRC1) that is recruited to sites of damage by binding to the BRCT domain of NBS1 to perform monoubiquitylation of γH2AX (Ismail et al. 2010) . There is even evidence that di-ubiquitylation of γH2AX by RNF8 depends on earlier monoubiquitylation by PRC1 (Ginjala et al. 2011) , followed by polyubiquitylation by RNF168. Regardless of the mechanism of histone ubiquitylation, 53BP1 recruitment is dependent on this H2A/H2AX polyubiquitylation (Bekker-Jensen et al. 2005; Mailand et al. 2007 ). However, 53BP1 does not bind directly to ubiquitin chains; rather, it binds via tandem TUDOR domains to dimethylated lysine K20 on histone H4 (Botuyan et al. 2006; Huyen et al. 2004) . How histone H2A ubiquitylation facilitates the 53BP1/dimethylated histone interaction is not precisely defined because downregulation of RNF8 does not affect H4 K20 methylation (Pei et al. 2011) . Clearly the situation is quite complicated because downregulation of monoubiquitylation of H4 K91 also reduces H4 K20 methylation and 53BP1 recruitment to damage sites (Yan et al. 2009 ).
Like the step-wise action of E3 enzymes to ubiquitylate H2A, the step-wise action of histone methyltransferases is used to generate H4 K20me2 for recruitment of 53BP1 for repair. First, monomethylated H4 K20, generated by PR-SET7, must preexist on the chromatin near the DSB (Botuyan et al. 2006; Oda et al. 2009 ). This is a prerequisite for MMSET-mediated generation of H4 K20me2. H4 K20me2 and MMSET are locally enriched at the sites of damage due to MMSET recruitment by MDC1 (Pei et al. 2011) . MMSET phosphorylation is induced after DNA damage, and this promotes its recruitment to DSB sites via a specific interaction between phosphorylated MMSET and the BRCT domain of MDC1 that is already in the vicinity of the DSB (Pei et al. 2011) . While the stable accumulation of 53BP1 into repair foci depends on MDC1 and the RNF8-RNF168 pathways, 53BP1 is still transiently recruited in H2AX deficient cells (Celeste et al. 2003) . Indeed, the role of 53BP1 in NHEJ is H2AX-independent (Xie et al. 2007) , and this may be related to the fact that the interaction between 53BP1 and monomethylated H4 K20 (remember the dimethylation of H4 K20 requires γH2AX) promotes NHEJ while suppressing HR (Sanders et al. 2004; Xie et al. 2007) . While the fission yeast counterpart of 53BP1, Crb2, is also recruited to damage sites via binding to H4 K20me2 (Sanders et al. 2004) , budding yeast lacks this histone modification. Instead, the budding yeast counterpart of 53BP1, Rad9, is recruited via interaction with H3 K79me3 (Giannattasio et al. 2005; Wysocki et al. 2005) .
As a mediator protein of the DDR, the functional role of 53BP1 is to accumulate in chromatin surrounding the DSB and facilitate checkpoint signaling. Though indirect, 53BP1 ultimately impairs CHK2 phosphorylation (FernandezCapetillo et al. 2002; Wang 2002; Ward et al. 2003) . In vitro, Lee et al. (2010b) showed that the effect of 53BP1 on CHK2 phosphorylation results from 53BP1/MRN complex interactions that stimulate ATM activity. Investigations into the effects of 53BP1 depletion on the DDR have yielded somewhat inconsistent results ranging from a lack of G2/M arrest altogether to an apparently intact DDR response (FitzGerald et al. 2009 ). This could be explained, at least in part, by redundant activities of mediator proteins including BRCA1 and MDC1 that may take on somewhat varied roles in different circumstances (Mochan et al. 2003; Peng and Chen 2003; Wilson and Stern 2008) . Another interesting possibility is that the observed inconsistent effects of 53BP1 on the DDR are related to its unique role in a special kind of DSB repair: NHEJ of distant ends demonstrated in deprotected telomeres (Dimitrova et al. 2008) , Igh class-switch recombination (Manis et al. 2004; Ward et al. 2004) , and long-range V(D)J recombination (Difilippantonio et al. 2008) . In these scenarios, 53BP1 increases chromatin mobility, allowing for intra-and inter-molecular interactions that may otherwise not occur. Thus, it could be reasoned that the varied impact of 53BP1 on the DDR in earlier studies was affected by the nature of the lesion and its chromatin context. A recent search for 53BP1-interacting proteins identified the previously uncharacterized EXPAND1/MUM protein that mediates DNA damage-induced chromatin decondensation . This chromatin relaxation function of EXPAND is presumably mediated through its interaction with nucleosomes via its PWWP domain, a domain commonly found in chromatin-binding proteins . Future studies no doubt will reveal how EXPAND relaxes the chromatin structure to promote DNA repair. The role of histone ubiquitylation in recruitment of BRCA1
The ubiquitylated histones play a critical role in recruitment of BRCA1 to the DSB (Fig. 2) . The polyubiquitin chains on histone H2A (discussed above) directly recruit the RAP80 subunit of the BRCA1-containing complex BRCA1-A (Kim et al. 2007a; Sobhian et al. 2007; Wang et al. 2007; ). The monoubiquitylation of H2A by RNF8 itself is enhanced by the chromatin remodeling activities of the ATP-dependent nucleosome remodelers p400 and CHD4 (Larsen et al. 2010; Smeenk et al. 2010) , presumably by generating a chromatin state that is more open and more accessible for ubiquitylation as they are dispensable for RNF8 recruitment . Like RNF8 recruitment, p400 recruitment to the DSB is dependent on MDC1 . Once RNF168 has generated the polyubiquitin chains on H2A, the tandem ubiquitin interacting motifs of the RAP80 subunit of the BRCA1-A complex bind to the polyubiquitin chains on H2A (Kim et al. 2007a; Sobhian et al. 2007; Wang et al. 2007 ). As such, the ubiquitin chains on H2A are responsible for recruitment of BRCA1-A to sites of DNA repair. BRCA1 is a component of multiple repair-related protein complexes. These complexes include BRCA1-A, BRCA1-B, and BRCA1-C, named for the ATM-or ATR-phosphorylated proteins Abraxas, BACH1, and CtIP, respectively, with which the C-terminal BRCT repeats of BRCA1 bind (Manke et al. 2003; Wang et al. 2007; Yu and Chen 2004; Yu et al. 2003) . How the BRCA1-B and C complexes are recruited to sites of DSBs is not so clear, nor is their function. BRCA1 itself is an E3 ligase, although its substrates are unknown, but BRCA1 promotes recruitment of BRCA2, which appears in turn to promote recruitment of RAD51 (Qing et al. 2011 ) for homologous recombination.
Chromatin also plays a role in the choice between using the NHEJ and HR pathways for DSB repair. A key protein in this choice appears to be BRCA1 and the associated CtIP endonuclease, presumably within the context of the BRCA1-C complex. Phosphorylation of CtIP occurs as cells enter S phase, enabling it to function in DNA end processing, thus promoting HR during S and G2 phase (Yun and Hiom 2009 ). Meanwhile in G1 phase, CtIP is not phosphorylated, and its ability to perform DNA end processing is inhibited by 53BP1 bound at the site of the DSB. In fact, CtIP-mediated (Sae2 in yeast) DNA end processing is required for HR (You and Bailis 2010) , but only in the presence of 53BP1, as concurrent loss of 53BP1 in BRCA1-deficient cells restores efficient HR (Bouwman et al. 2010; Bunting et al. 2010 ). Thus, it appears that end processing by phosphorylated CtIP in the BRCA1-C complex effectively removes methylated and ubiquitylated histones at the DSB that accumulate an otherwise potent inhibitor of HR, 53BP1 (Lowndes 2010) (Fig. 2) .
In addition to H2A and H2AX ubiquitylation, histone H2B ubiquitylation (on K120) also promotes DSB repair (Moyal et al. 2011; Nakamura et al. 2011 ). H2B ubiquitylation is performed by a complex of RNF20/RNF40 (Pavri et al. 2006) . RNF20/RNF40 is recruited to DSBs, although the mechanism for its recruitment is unknown (Moyal et al. 2011) . Noteworthy, the ability of RNF20/RNF40 to ubiquitylate H2B requires its ATM-mediated phosphorylation (Moyal et al. 2011) . The exact step during DNA repair at which ubiquitylated H2B functions is not known, but its absence results in reduced recruitment of XRCC4 and KU (during NHEJ) and reduced recruitment of BRCA1/2 and RAD51 during HR (Moyal et al. 2011; Nakamura et al. 2011) . In yeast, H2B ubiquitylation (on K123) by Rad6/ Bre1 has been tied directly to the DDR, as deletion of either RAD6 or BRE1 activity resulted in defective activation of Rad53 kinase after DNA damage, especially when cells were damaged in G1 (Giannattasio et al. 2005 ).
Repair of DSBs within heterochromatin requires unique chromatin dynamics
Not all DSBs are created equal, as the chromatin context surrounding the DSB influences the cell's response to the lesion. Heterochromatin is a highly compacted, transcriptionally inactive chromatin structure that is characterized by the enrichment of specific histone modifications (for example, H3 K9me2 and H3 K9me3) and the proteins that specifically bind to these histone PTMs, such as HP1. It has been suggested that DSBs within heterochromatin are detected at lower frequency and are resolved with slower kinetics (Goodarzi et al. 2008; Ayoub et al. 2008 ). Furthermore, it has been proposed that delocalization of HP1beta and its binding partner KAP1 from sites of DSBs facilitates repair (Ayoub et al. 2008; Goodarzi et al. 2008 ). However, a recent careful time-lapse study in Drosophila shows that DSBs within heterochromatin are recognized and processed as efficiently as those in euchromatin (Chiolo et al. 2011) (Fig. 3) . Strikingly, this study showed that the recruitment of proteins involved in early repair events makes the heterochromatin rapidly expand and become dynamic, causing the repositioning of the DSB outside of the heterochromatin compartment in order to complete repair (Chiolo et al. 2011) . Such a scenario could also explain the difficulty to detect repair foci within heterochromatin and the apparent displacement of HP1-beta from sites of DSBs even in the absence of changes in H3 K9me3 levels (Goodarzi et al. 2008; Ayoub et al. 2008) . Like the situation in Drosophila, DNA breaks within heterochromatin in mammalian and human cells also elicit rapid recruitment of repair proteins, and the DSBs are relocalized to outside the heterochromatin compartment presumably for the completion of DNA repair (Falk et al. 2007; Jakob et al. 2011 ).
Despite the differences in chromatin structure and genomic organization between flies, murine, and human cells, DSB movement to the periphery of heterochromatic compartments for the rapid repair of heterochromatic DNA lesions appears to be a general phenomenon.
Functionally, the purpose of the repositioning of DSBs made within heterochromatin to regions away from heterochromatin compartment is to prevent inaccurate homologous recombinational repair with the many identical repeated sequences within heterochromatin (Chiolo et al. 2011 ). This repositioning of DSBs within heterochromatin to outside of the heterochromatin compartment occurs after DNA processing but before Rad51 recruitment (Chiolo et al. 2011 ). This DSB movement also required HP1alpha dependent binding of the Smc5/6 complex to the heterochromatin, which served to block Rad51 association with the DSB while it was within the heterochromatin compartment. It will be interesting to learn how Smc5/6 suppresses recruitment of Rad51 and whether HP1alpha and the interacting Smc5/6 proteins are removed from the vicinity of the DSB when it relocates outside the heterochromatin compartment. Also, we know virtually nothing about the mechanism whereby the heterochromatin expands and becomes dynamic in response to a DSB, but it is promoted by the DDR, particularly ATR (Chiolo et al. 2011) . Phosphorylation of the heterochromatin protein KAP1 by ATM leads to global chromatin relaxation following DSB damage (Goodarzi et al. 2008; Ziv et al. 2006) , but whether this is related to the heterochromatin relaxation that occurs upon damage is not clear. Also, how KAP1 phosphorylation relaxes chromatin is unknown but loss of the ATP-dependent nucleosome remodeler CHD3 from DSBs is implicated in the mechanism (Goodarzi et al. 2011 ).
Contrary to the reported loss of HP1 beta and KAP1 from DSBs in heterochromatin (Ayoub et al. 2008; Goodarzi et al. 2008) , all three isoforms of HP1 (alpha, beta, and gamma) have been shown to be recruited to DSBs and UV lesions (Ayoub et al. 2009; Luijsterburg et al. 2009; Zarebski et al. 2009 ). In the case of HP1alpha, its recruitment to DSBs occurs independent of H3 K9me3, but it does require its physical interaction with the large subunit of the histone chaperone CAF-1, which also localizes to laser-induced DNA lesions (Baldeyron et al. 2011) . Indeed, CAF-1 recruits both HP1alpha and KAP1 to DSBs in mammalian cells (Baldeyron et al. 2011) . Functionally, the HP1alpha appears to be required for promoting HR at the end processing stage and for the recruitment of 53BP1, BRCA1, and RAD51 (Baldeyron et al. 2011) . The recruitment of KAP1 and HP1alpha to DSBs was short-lived as they rapidly disappeared, while CAF-1 remains at damage sites longer (Baldeyron et al. 2011 ). These studies have been important in demonstrating that heterochromatin and heterochromatin proteins are not an obstacle for DNA repair, but rather they promote the efficiency and accuracy of DNA repair.
Chromatin changes that facilitate DNA end processing It makes structural sense for the histone proteins to be at least transiently removed from the vicinity of a DSB (Fig. 4) . This would allow the DNA repair machinery to Fig. 3 Chromatin dynamics during repair of heterochromatinized DSBs. DSBs within heterochromatin are efficiently and rapidly recognized by the DNA damage checkpoint machinery leading to phosphorylation of H2AX (shown by the green p).
The chromatin within the heterochromatin compartment next becomes highly mobile and dynamic, resulting in the movement of the DSB to the periphery of the heterochromatin compartment. Once at the periphery, homologous recombination can occur due to the recruitment of proteins such as Rad51, which are blocked from association with the DSB within the heterochromatin compartment by the Smc5/6 proteins gain the intimate contacts that are required for DNA end processing and subsequent events in the DNA repair processes. Indeed, the processes of histone removal and end processing are tightly temporally linked. For example, the MRN end processing complex is required for nucleosome eviction at a DSB site in mammalian cells (Berkovich et al. 2007 ). Meanwhile, the yeast ATP-dependent nucleosome remodeler INO80 promotes histone removal from the site of a DSB, and Ino80 is required for efficient end processing Morrison et al. 2004; van Attikum et al. 2004 ). Yeast Ino80 is recruited to sites of DSB via interaction between γH2AX and its Arp4 subunit, the same subunit found in the NuA4 HAT that mediated its recruitment for histone acetylation (Cairns 2004; Downs et al. 2004; van Attikum et al. 2004) . Indeed, upon formation of DSBs, nucleosome loss is observed up to a few kilobases flanking the damaged sites Tsukuda et al. 2005) . None of the yeast histone chaperones that have been tested to date are required for removal of histones from the site of a DSB . While the yeast INO80 ATP-dependent nucleosome remodeler contributes to nucleosome eviction around a DSB, that is not the case with another ATP-dependent nucleosome remodeler SWR1 (Morrison and Shen 2009; van Attikum et al. 2007 ). Like INO80, SWR1 is recruited to DSBs in a manner dependent on phosphorylated H2A but, unlike INO80, SWR1 does not function to evict nucleosomes (van Attikum et al. 2007 ). Rather, SWR1 functions to remove canonical H2A and replace it with the histone variant H2AZ. Accordingly, H2AZ is transiently enriched at DSB sites due to the action of SWR1. The absence of H2AZ results in a defect in Rad51 recruitment, although the molecular mechanism as to how H2AZ helps promote Rad51 recruitment is not clear (Kalocsay et al. 2009 ).
Another histone PTM that may promote DNA end processing is H3 K36me2. This modification is mediated by the Metnase/SETMAR methyltransferase. The function of H3 K36me2 during NHEJ is to recruit NBS1 and the KU complex, although whether this function is direct or indirect is unknown (Fnu et al. 2011 ). However, given its requirement for NBS1 recruitment, H3 K36me2 is likely to stimulate end processing.
Histone PTMs that prevent promiscuous DNA processing Binding of the budding yeast Rad9 to H3 K79me2/3 appears to slow down DNA processing. The evidence for this includes the rapid accumulation of ssDNA at DSBs in yeast deleted for RAD9 or the H3 K79 methyltransferase DOT1 whose modification helps recruit Rad9 to breaks (Lazzaro et al. 2008) . The human counterpart of Rad9, 53BP1, similarly inhibits promiscuous end resection and plays a critical role in genome stability (Bothmer et al. 2011; Bothmer et al. 2010; Bunting et al. 2010) . γH2AX also plays a role in preventing promiscuous end processing during VDJ recombination. DSB ends generated during VDJ recombination are recognized and cleaved by Artemis. As discussed above, γH2AX recruits MDC1 flanking a DSBs, which in turn inhibits CtIP-mediated processing to facilitate only Artemis-mediated processing (Helmink et al. 2011) . This recently uncovered function of γH2AX in limiting end processing likely explains the earlier observed requirement for ATM in maintaining DNA ends during lymphocyte antigen receptor gene assembly (Bredemeyer et al. 2006 ). This function of ATM is likely to provide the molecular explanation for the increase in lymphoid tumors with translocations involving antigen receptor loci associated with ataxia telangiectasia (Bredemeyer et al. 2006) . Fig. 4 Reestablishment of chromatin after DSB repair. DNA resection in yeast is accompanied by loss of the histones from the DNA being processed. Phosphorylated H2AX either gets dephosphorylated or those histones get removed from the chromatin and replaced with unphosphorylated histones (termed histone exchange). Following DNA repair, histone chaperones such as CAF-1 bring in new histone carrying the H3 K56Ac mark onto the repaired DNA, serving as a signal to the DNA damage checkpoint that repair is now complete Chromatin changes that promote recruitment of the late acting DNA repair machinery In addition to the histone acetylations that have already been discussed above, many other dynamic histone acetylation and deacetylation events occur during the DDR. During the process of homologous recombination in yeast, the levels of many H3 and H4 histone N-terminal tail acetylations increase rapidly on the chromatin in the vicinity of a DSB and are then deacetylated concomitant with DNA repair (Tamburini and Tyler 2005) . This is presumably mediated by the dynamic recruitment of the responsible HAT and HDAC enzymes to the local vicinity of the DSB (Tamburini and Tyler 2005 ). Yet other acetylation marks, for example H3 K56Ac and H4 K16Ac, decrease initially after DNA damage and increase at later times after DNA repair (Das et al. 2009; Miller et al. 2010; Tjeertes et al. 2009; Vempati et al. 2010 ). This initial decrease in H3 K56Ac and H4 K16Ac is mediated by CHD4-dependent recruitment of HDAC1 and HDAC2 and is required for efficient disassembly of the NHEJ repair factors Artemis and KU (Miller et al. 2010; Polo et al. 2010) . At least in the case of KU, its removal from sites of DNA repair has been proposed to facilitate post-repair processes (Postow et al. 2008) .
Chromatin modifications also promote the stabilization of some of the very last DNA repair proteins at the DSB. For example, the retention of the XRCC4-ligase IV complex at NHEJ sites is enhanced by the histone chaperone APLF (Rulten et al. 2011) . The functional consequence of this is apparent because the absence of APLF renders cells sensitive to DSBs (Mehrotra et al. 2011) . Although the functional relevance is not clear, the mammalian INO80 ATP-dependent nucleosome remodeling complex binds to four-way junctions that mimics Holliday junctions in vitro (Wu et al. 2007) . It is tempting to speculate that this may represent a mechanism to recruit machinery to help disassemble chromatin ahead of the DNA polymerase during branch migration.
Chromatin changes that promote turning off the DDR after DNA repair Chromatin structure has to be altered in two general ways after DNA repair. Histones have to be reassembled to repackage the naked newly repaired DNA into chromatin (Fig. 4) . In addition, the histone modifications that served to recruit DDR proteins, including γH2AX, have to be lost from the regions flanking the site of repair in order to allow inactivation of the DDR and cell cycle re-entry.
Histone reassembly onto the DNA following DSB repair is tightly coupled to DNA synthesis. In yeast, the assembly of histones H3 and H4 at the site of DSB repair occurs in a manner that requires the histone chaperone CAF-1 (J.K.T and Cc.C., unpublished observation) and another histone chaperone Asf1 (Fig. 4) . The role of Asf1 in chromatin assembly during DSB repair is indirect, in that Asf1 helps the HAT Rtt109 to acetylate free histones on H3 lysine 56, which then drives their subsequent assembly onto the DNA . This is presumably a consequence of the increased affinity of histones carrying the H3 K56Ac mark for CAF-1, which itself is physically tethered to sites of DNA synthesis via its interaction with PCNA (Li et al. 2008) . In agreement with the situation in yeast, in human cells, CAF-1 is required for the assembly of newly synthesized canonical histone H3.1 at sites of laser irradiation (Polo et al. 2006) . Additionally, in humans, the H3 K56Ac mark is enriched at sites of DSB repair after repair is complete, providing a transient memory of the assembly of newly synthesized histones over the repair site (Das et al. 2009; Vempati et al. 2010) . Perhaps most interestingly, mutant yeast strains that fail to reassemble chromatin even though they do complete DSB repair are unable to turn off their DNA damage checkpoint ). This result indicates that repair of the DNA break itself is not sufficient information to end the DDR. Instead, assembly of the chromatin and/or the local enrichment of H3 K56Ac over the DNA repair site is somehow involved in signaling to inactivate the DDR machinery (Fig. 4) . Exactly how this happens clearly requires more research and should help us better understand the rather vague process of DNA damage checkpoint inactivation or recovery.
The disassembly of histones from the immediate vicinity of the DSB during DNA resection would effectively remove many of the histone PTMs from the DNA. Noteworthy, DNA resection either does not occur or is very limited during NHEJ. As such, removal of histones PTMs from sites of NHEJ repair would either require histone exchange or the action of enzymes that reverse the histone modification (such as histone deacetylases, histone demethylases, deubiquitylases (DUB)). There are many examples of HDACs being recruited to sites of DNA repair (as discussed above), and the BRCA-1A complex actually contains a DUB, Brcc36, that can deubiquitinate histones at least in vitro (Sobhian et al. 2007) .
Specialized machinery appears to be involved in removal of γH2AX from the site of the DSB. Indeed, in yeast, chromatin immunoprecipitation (ChIP) analyses have shown that γH2AX is removed from the vicinity of DNA damage even before DNA repair has occurred Kim et al. 2007b) . Whether this is the case over the whole domain is not clear. The removal of γH2AX from the DNA is potentiated by additional PTMs that are stimulated by its phosphorylation, which promote histone exchange (Heo et al. 2008; Ikura et al. 2007 ). Whether γH2AX is replaced with another molecule of unphosphorylated H2AX or a different histone monomer depends on the ATPdependent nucleosome remodeling enzyme involved in exchange and may play a critical role in checkpoint signaling and/or adaptation (Kusch et al. 2004; PapamichosChronakis et al. 2006) . Specifically, in Drosophila cells, the TIP60 acetyltransferase, a component of NuA4 complex, acetylates γH2AX and promotes SWR1-mediated exchange with unmodified H2A near the DSB sites (Kusch et al. 2004) . Once γH2AX has been removed from the DNA in yeast, it is dephosphorylated by the yeast Pph3 phosphatase (Keogh et al. 2006) . Furthermore, physical removal of γH2AX from the chromatin in yeast is not sufficient to lead to inactivation of the DDR because dephosphorylation of free γH2AX by Php3 is required for checkpoint inactivation. It is hard to envision how soluble γH2AX maintains an active DDR, given that the function of γH2AX in amplifying the DDR is to recruit and concentrate proteins to the location of the DSB. In contrast to yeast, dephosphorylation of human γH2AX by the human counterpart phosphatase PPC4 occurs on the chromatin (Chowdhury et al. 2008) . Clearly the regulation of γH2AX removal from the DNA and/or its dephosphorylation must be very tightly regulated to enable checkpoint inactivation to occur.
Removal of unphosphorylated H2AX from the DNA requires histone acetylation. H2AX is acetylated at K5 by the HAT TIP60 in response to IR, which in turn leads to ubiquitylation of H2AX on K119 ). This acetylation and ubiquitylation of H2AX together trigger its removal from nucleosomes around the DSB in a manner independent of S139 phosphorylation of H2AX ). Why and how unphosphorylated H2AX is removed from the DNA and why this requires its acetylation and ubiquitylation are not clear. It is possible that this may just be the mechanism to remove H2AX from the DSB site to enable repair. Alternatively, it may be important in adaptation to an unrepairable DNA break because the removal of H2AX from the chromatin would prevent further phosphorylation of H2AX.
In addition to recruitment of HDACs to the site of DSB repair, there are active mechanisms to prevent histone acetylation after repair. For example, H4 S1p levels increase at a late stage of DSB repair in yeast (Cheung et al. 2005) . This modification prevents NuA4 from acetylating the adjacent lysines (Utley et al. 2005) , maintaining the chromatin over the repaired DNA in an underacetylated state to favor a more compact and less accessible conformation.
Chromatin changes that promote NER
NER is the major mechanism used in cells to remove DNA damage induced by UV irradiation, such as cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone photoproducts (6-4PPs). The importance of this repair mechanism is evidenced by the fact that several severe human diseases are genetically associated with mutations of NER proteins, such as Xeroderma pigmentosum and Cockayne's syndrome. The detailed molecular mechanism of the NER pathway has been established from in vitro studies (Cleaver et al. 2009; Costa et al. 2003) . DNA adducts formed by UV irradiation are initially recognized by the XPC-HR23B-centrin-2 complex and/or the DDB1-DDB2 heterodimer. Next, the DNA duplex is unwound by TFIIH, and this is facilitated by the helicase activity and ATPase activity of the XPD and XPB subunits of TFIIH, respectively. The single-strand DNA is then coated by RPA, as in DSB repair. XPG and ERCC1-XPF cleave the 3′ and 5′ ends of the damaged DNA strand, and the gap is filled by DNA synthesis. The mechanisms responsible for activation of the DDR by UV lesions have been described elsewhere (Giannattasio et al. 2010; Sertic et al. 2011) , and we will only focus on the intersection of chromatin and NER here.
Both CPDs and 6-4PPs induce a bend or kink in the DNA, and this is what is recognized by the NER machinery (Kim et al. 1995) . While 6-4PPs are located primarily within the linker DNA region, CPDs can also occur within the DNA wrapped around the histone octamer (Gale et al. 1987; Suquet and Smerdon 1993) . CPDs within a nucleosome change the dynamic equilibrium of DNA unwrapping and rewrapping around the nucleosome by favoring spontaneous unwrapping of DNA (Duan and Smerdon 2010) , thus increasing the accessibility of lesions. Besides the DNA distortion, other factors also actively contribute to reveal and mark the lesion sites for recruitment of the repair machinery. Two E3 ligase complexes, DDB1-DDB2-CUL4A and DDB1-DDB2-CUL4B, can recognize and bind to UVdamaged DNA respectively (Guerrero-Santoro et al. 2008) and monoubiquitylate H2A at these sites (Fig. 5) . The ubiquitin ligase Ring2 has also been suggested to mediate UV-induced monoubiquitylation of H2A (Bergink et al. 2006) . Furthermore, these DDB1-DDB2 containing E3 complexes have also been shown to weaken DNA-histone interaction by ubiquitylating H3 and H4, facilitating recruitment of XPC to the damage sites . The function of this histone ubiquitylation is to promote dissociation of DDB2 from the DNA damage site, enabling the recruitment of subsequent NER factors to the lesion (Takedachi et al. 2010) .
Like DSB repair, ATP-dependent nucleosome remodelers play a key role in NER. In yeast, UV irradiation enhances the interaction between Rad4-Rad23 (XPC-HR23B in humans) and the SWI/SNF ATP-dependent nucleosome remodeling complex (Gong et al. 2006) , where the SWI/ SNF complex stimulates removal of CPDs (Hara and Sancar 2003; Zhao et al. 2009 ). Human SWI/SNF is recruited to sites of UV damage via its interaction with XPC and DDB2. This is consistent with the observation that inactivation of SWI/SNF has no effect on recruitment of DDB2 and XPC to CPDs, whereas the recruitment of downstream NER factors such as XPG and PCNA is deficient (Zhao et al., 2009 ). As such, it would appear that the role of SWI/SNF is to relax the nucleosome structure after damage recognition to facilitate access by the later acting NER factors.
INO80, another ATP-dependent chromatin remodeling complex, also regulates efficient repair of UV-induced photodamage in mammalian cells . Like SWI/ SNF, INO80 functions to facilitate the access of NER factors to the sites of UV-induced damage. INO80 is recruited to DNA lesions independently of XPC and XPA, suggesting that it may have an early role in DNA repair. Furthermore, INO80 interacts with DDB1 and may play a role in its recruitment to the sites of UV-induced damage. A more recent study suggests that the role of yeast INO80 is to restore the chromatin structure after UV repair (Sarkar et al. 2010) .
UV irradiation induces histone PTMs and chromatin relaxation. Hyperacetylated nucleosomes have been shown over 20 years ago to enhance NER efficiency (Ramanathan and Smerdon 1989) . UV irradiation induces hyperacetylation of H3 K9 and K14, and H4 K16, and inactivation of the histone acetyltransferase GCN5 impairs the repair of UVinduced damage (Guo et al. 2011; Yu et al. 2005) . In yeast, constitutive hyperacetylation of histone H3 can bypass the requirement for some of the NER machinery, suggesting that their normal function is to promote opening up on the chromatin to facilitate repair (Yu et al. 2011) . Furthermore, DDB1-DDB2 can interact with mammalian histone acetyltransferases such as CBP/p300 and STAGA (a SAGA-like complex containing GCN5L), implying that DDB1-DDB2 complexes might recruit histone acetyltransferase activities to UV-induced damage sites (Datta et al. 2001; Martinez et al. 2001) . Indeed, p53-dependent recruitment of CBP/p300 to UV sites via its interaction with CSB has been observed, accompanied by an increase in H3 acetylation (Fousteri et al. 2006; Rubbi and Milner 2003) . Increased histone acetylation at the NER site is likely to contribute to the p53-induced chromatin relaxation that is induced by DNA damage. However, exactly how p53 influences the events occurring at NER sites is not clear, given that p53 is not recruited to sites of NER (Rubbi and Milner 2003) .
Interestingly, in Drosophila, a decrease of H3K9 trimethylation in heterochromatin regions is observed in response to UV irradiation, and this depends on the lysine demethylase dKDM4B (Palomera-Sanchez et al. 2010) . As for the histone acetylation, this histone demethylation is also dependent on the fly homolog of p53. In the absence of dKDM4B, CPDs are not efficiently removed. Demethylation of H3 K9me may be required to allow the subsequent acetylation of H3 K9 that occurs at sites of NER. Somewhat counterintuitive to the chromatin relaxation that occurs in response to UV irradiation, all three HP1 isoforms, alpha, beta, and gamma, are recruited to sites of UV damage (Luijsterburg et al. 2009 ). Reminiscent of the situation at DSBs, this recruitment of HP1 to sites of UV damage is not dependent on its binding to methylated H3 K9. Recruitment of HP1 appears to be important for NER because loss of HP1 in worms results in sensitivity to UV light (Luijsterburg et al. 2009 ).
UV-induced damage also activates the DDR. ATR is activated by the processing of UV-induced lesions into ssDNA repair intermediates (Giannattasio et al. 2010; Sertic et al. 2011; Vrouwe et al. 2011) . H2AX becomes phosphorylated after UV irradiation (Marti et al. 2006) . Furthermore, ATM, NBS1, and Rad51 colocalize with CPDs after UV irradiation (Oh et al. 2011) . Given that the very high experimental UV doses also result in DSBs, it is possible that activation of the Fig. 5 Role of chromatin in NER. DNA distortion that is caused by UV-induced DNA damage (a CPD is shown for example) is recognized by the XPC-HR23B-centrin2 and DDB1-DDB2 complexes. DDB1-DDB2 recruits histone acetyl transferases (shown in red) to the site of the DNA lesion, inducing histone acetylation to further loosen the chromatin structure. For lesions within heterochromatin, H3 K9 is demethylated by KDMB4 to facilitate NER. Histone loss presumably accompanies the excision and removal of the damaged DNA strand, and this is followed by CAF-1 mediated chromatin assembly over the repaired DNA region DDR by UV irradiation may not always be in response to the UV-induced lesions themselves.
The chromatin structure must be restored after NER. The histone H3/H4 chaperone CAF-1 is required for chromatin assembly after NER in vivo (Green and Almouzni 2003) , specifically incorporating newly synthesized canonical histone H3.1 (Polo et al. 2006) . Akin to the role of CAF-1 in assembling newly synthesized histones carrying H3 K56Ac following DSB repair, UV repair is also accompanied by a local increase in H3 K56Ac (Battu et al. 2011) . Again reminiscent of the situation during DSB repair, H3 K56Ac is not required for NER, but it is required for inactivation of the DNA damage checkpoint after NER (Battu et al. 2011) . In summary, the mechanisms of reestablishing the chromatin structure after DSB repair and NER appear to be very closely related, if not identical.
Unique to NER, however, is post-DNA repair histone ubiquitylation. Monoubiquitylated H2A appears at sites of NER (Zhu et al. 2009 ). Noteworthy, this does not happen in cells lacking XPA, XPG, or XPF, i.e., late-acting NER proteins, suggesting that the appearance of monoubiquitylated H2A is dependent on successful DNA repair. Monoubiquitylation of H2A is also dependent on DNA processing, as it is impaired in cells depleted of human EXO1 (Sertic et al. 2011) . The E3 ligase Ring2 is required for this H2A monoubiquitylation, and it is also dependent on ATR and MDC1 but does not require H2AX (Bergink et al. 2006; Marteijn et al. 2009 ). Furthermore, knockdown of CAF-1 prevents the H2A monoubiquitylation after NER, suggesting that it occurs after chromatin reassembly at the site of NER. Functionally, the reason for this post-NER monoubiquitylation is currently unknown.
Conclusions and future challenges
It is now clear that DNA repair processes, the DNA damage response, and chromatin structural changes are tightly mechanistically linked. Furthermore, they are acting cooperatively to organize the efficient removal of DNA damage from the genome. Changes in the chromatin structure in response to DNA damage allow the cell to sense the presence and find the location of DNA damage within the genome, enable amplification of the damage signal, coordinate recruitment and regulation of the repair factors, as well as provide the molecular signal that tells the DNA damage checkpoint that DNA repair is complete. Clearly, chromatin is not playing a passive role in DNA repair; rather, chromatin is actively regulating and promoting nearly every aspect of DNA repair and the maintenance of genomic stability.
The wealth of knowledge on the mechanism of the DDR response in mammalian cells that is briefly covered in this review is impressive, given that much of it came from the study of repair foci and/or eventual cell death in response to DNA damage. The order of events during the DDR has been established by failure to observe recruitment of proteins to foci upon mutation or knockdown of other factors. However, the study of foci alone does not allow one to know the status of repair of the DNA lesion per se nor the stage of repair during which the factors are recruited. Kinetic analyses of DDR/repair factors locating to foci in wild-type cells lack the temporal resolution to yield accurate insight into events that occur in a coordinated manner or in very rapid succession in our cells. Foci analyses also fail to inform us as to how close or how far from the DNA lesion are the DDR factors located that are being recruited to the break. ChIP analysis of factor recruitment to defined sites of repair can yield this kind of information. Accordingly, several mammalian cell lines have been engineered to generate defined DSBs (i.e., DSBs created enzymatically versus damage resulting from genotoxic stress). For example, rare-cutting endonucleases I-SceI and I-PpoI offer predictable cutting patterns but suffer from problems such as persistent cutting/repair cycles and suboptimal DSB location within specialized chromatin structures within the rDNA (for I-PpoI) (Berkovich et al. 2007; Rodrigue et al. 2006; Rouet et al. 1994) . Induction of the endonuclease AsiSI generates more than 100 DSBs (Iacovoni et al. 2010) . However, at best, only around 10% of the cells carry the DSB at any particular location (Iacovoni et al. 2010 ) making it difficult to accurately correlate the timing of factor recruitment with respect to repair of the DNA lesion per se.
The inducible HO endonuclease system has been transformatory for the understanding of many different DSB repair pathways in yeast (Haber 2006) because the extent of DSB induction is so high that recruitment of proteins can be accurately correlated to the stage of DNA repair. Furthermore, yeast HO systems have been devised such that there is a single round of cutting and repair, enabling synchronization of DSB repair in the population. The field of mammalian DSB repair would be greatly aided by DSB repair systems equivalent to the yeast HO system. Ideally, such mammalian repair systems would allow the synchronous induction of an efficient DSB at a known location in the genome so that the intermediates of DNA repair can be detected in most cells of the population. Indeed, an extremely efficient HO endonuclease system was recently developed in mouse cells for the study of NHEJ repair by Ricky De Benedetti's group (Sunavala-Dossabhoy and De Benedetti 2009). In the ideal mammalian DSB repair system, the repair of this DSB should be experimentally controllable in the absence of subsequent rounds of cutting and repair and produce a repaired product that can be distinguished from the uncut parental DNA. Such a system would enable extensive ChIP analyses of defined factors, as well as proteomic analyses to find new factors involved in DNA repair, in response to DNA damage during and after DNA repair. Site-specific inducible break systems will also allow the field to unambiguously determine whether the mechanisms of repair and DNA damage response are the same or different for breaks within heterochromatin versus euchromatin.
The development of systems that provide an immediate and direct read out of failure to repair DNA lesions, rather than waiting for cell death or fixing cells to look at repair foci, would also be invaluable in both the laboratory and the clinic. Coupled with methods to isolate specifically those cells that have failed to undergo repair, such approaches would enable siRNA and chemical library screens in order to isolate new players in the DDR, as well as isolate compounds that could be used for sensitization to radiation therapy. Now that chromatin dynamics has an undeniable foothold in the repair field and with dozens of damage-induced histone modifications with no currently known function, there is no doubt that our understanding of the epigenetic regulation of genomic stability will increase dramatically in the coming years. Already, one can recognize a shift in the direction of research in the DNA repair field, as the years of data that have outlined the role of chromatin in DNA repair have provided a backdrop for increasingly elegant questions. Now, research is being conducted to further define not just the players in repair and the DDR but the control mechanisms that optimize the integrity of the process on the physiologically relevant chromatin template. It is becoming clear that chromatin changes coordinate many of the steps in the DDR, with specific transient histone modifications acting to recruit particular proteins at precise times. It is also clear that ATP-dependent nucleosome remodelers play a key role in promoting specific molecular events during the DDR. Furthermore, the multiple recent reports of contextspecific repair responses, wherein the cell senses and evaluates the chromatin environment in which the DNA lesion lies and adjusts the molecular response accordingly, underline not only how tightly controlled DNA repair is but also how critical it is to develop improved assay systems to evaluate the complex role of chromatin in mammalian DNA repair processes.
